A microinjection technique has resulted in stable transformation of the western predatory mite Metaseiulus occidentalis. Early preblastoderm eggs within gravid females were microinjected. The needle was inserted through the cuticle of gravid females into the egg, or the tissue Immediatel surrounding the egg. This maternal injection method resulted in relatively high levels of survival and transformation. Transformation was achieved without the aid of any transposaseproducing helper plasmid. The predatory mite was transformed with a plasmid containing the Escherwchi cofl -galactosidase gene (lacZ) regulated by the DrosophUa hsp7O heat-shock promoter. Putatively transformed lines were isolated based on P-galactosidase activity in first-generation larvae. Transformation was confirmed in the sixth generation by polymerase chain reaction amplification of a region spanning the DrosophikalE. coli sequences. Amplification of a nested region, also sp ing the interspecific boundary, provided further evidence for stable transformation. Maternal microinjection may be adaptable to other beneficial arthropods, particularly other phytoselid mites. Genetic transformation of M. occidentais may improve its efficiency as a biological control agent as well as provide a method for investigating details of its physiology and ecology.
The development of germ-line transformation in Drosophila melanogaster (1, 2) has provided a valuable tool for genetic analysis of this arthropod. The ability to manipulate other arthropods through efficient transformation would provide researchers with a valuable method to investigate this diverse phylum. Many arthropod species are disease vectors and a far greater number are agriculturally important, including both pest and beneficial organisms.
Gene transfer in beneficial arthropods has many potential rewards (3) . It may be possible to modify a natural enemy's temperature tolerance, host range, resistance to insecticides, or sex ratio. Altering these traits could improve the natural enemy's performance and result in an overall reduction in the use of insecticides. Gene transfer may also allow researchers to "tag" a population and, based on this heritable tag, distinguish them and their progeny from native populations of the same species.
Initial efforts to transform arthropods other than Drosophila focused on employing existingP-element vectors, in particular pUChsneo (4) , and microinjecting these vectors into preblastoderm eggs (5) (6) (7) . Transformation was achieved occasionally, but at very low frequencies, and was apparently independent of P-element mediation. The rare transformation events reported appear to be the result of random integrations. Present evidence indicates that the utility of P-element vectors is limited in organisms outside the family Drosophilidae (8) , but characterization of P-element transposition (9, 10) may allow future implementation of this vector system in other arthropods. Another potential vector system for arthropods is under development and employs the yeast recombinase FLP and introduced FRT target sequences (11) .
Given the current absence ofefficient vectors for arthropods other than Drosophila, substantial research has been devoted to developing alternative DNA delivery systems. Investigators have explored ballistic introduction of DNA-coated microprojectiles (12, 13) , electroporation (unpublished data), and puncturing eggs with DNA-coated silicon carbide filaments (31) . Another potential DNA delivery system involves binding heterologous DNA to sperm and introducing it through artificial insemination. This approach may be useful in honeybees (14) , but it remains to be seen whether the bound DNA can actually be introduced into the embryo by this method.
Efforts in our laboratory have focused on developing an efficient DNA delivery system to transform the western predatory mite Metaseiulus occidentalis. M. occidentalis is a member of the cosmopolitan family Phytosenidae, a group of mostly predatory mites responsible for controlling spider mites and other arthropods in many crops (15) . M. occidentalis is less than 500 gm long (16) (17, 18) .
M. occidentalis has been the subject of artificial selection programs aimed at improving its insecticide resistance and its control of spider mites in almonds as well as other crops (19) (20) (21) . Improvement of this species has helped to decrease the need for chemical control of spider mites, thereby reducing production costs (22 (23) was isolated from the plasmid pHSS7/ hsp (24) by restriction endonuclease digestion and gel purification. This fragment was ligated into the BamHI/EcoRI polylinker sites of the P-element vector pDM79 (25) . The resulting plasmid (pJKP2) carries the Drosophila hsp7O promoter 5' to the adh/lacZfusion gene ofpDM79 (Fig. 1A) . The plasmid was transformed into Escherichia coli strain DH5a.
Approximately 100 pg of plasmid was isolated from 50 ml of bacterial culture by using a Qiagen-tip 100 column. The plasmid preparation was resuspended in injection buffer (5 mM KCl/O.1 mM phosphate, pH 7.8) (26) at a concentration of 300 pug/ml.
Mlcroinjection of Gravid M. occidentalis females. Preliminary studies indicated that needles used to inject D. melanogaster eggs were too flexible to penetrate M. occidentalis females. We therefore pulled needles from microcapillary tubes (1.0-mm external diameter; 0.5-mm internal diameter) with an internal glass filament. An automatic needle puller A produced needles with a fine (1 pkm) short tip. Prior to microinjection, the tip of the needle was broken off to produce a jagged tip approximately 3 Am in diameter. Microinjection was performed with the aid of a Zeiss inverted compound microscope. Mites were prepared for injection in the following manner. Two layers of Scotch brand double-stick tape were placed lengthwise on a microscope slide. The tape was then cut at an approximately 450 angle to produce a ledge under which the mites could be secured. Adult gravid females were secured under the overhanging ledge of the tape in a lengthwise orientation (Fig. 2) . Care must be taken to select females with eggs that are nearly, but not fully, mature. Fully mature eggs will burst when probed with the injection needle, leading to death of the egg and female. Ten females were aligned and covered with distilled water. Females were injected between the third and fourth coxae and efforts were made to penetrate the egg, but penetration was not always assured and DNA could have been deposited in close proximity to the egg. After injection, the females were carefully lifted from the tape to a clean region of the slide. When fully dry, the females were removed from the slide and placed individually on pinto bean leaf discs (isolated on water-saturated cotton) with spider mite prey. Females were observed daily, dead females were removed, and those depositing eggs were maintained on fresh leaf discs. The eggs produced by the injected females are considered the Go generation. G1 progeny were assayed for transformation by using a P-galactosidase assay.
Heat Shock and f3-Galactosidase Assay. G1 larvae were covered with water and exposed to a standard heat shock of 370C for 30 min. After heat shock, the water was removed and the mites were submersed in 50 mM sodium phosphate (pH after 3 hr were scored for the presence or absence of blue color.
The construct pJKP2 was first tested for lacZ expression in transiently transformed D. melanogaster larvae and expression was determined to be regulated in a heat-shockdependent manner. When M. occidentalis larvae were transiently transformed with pJKP2, the same pattern of heatshock-dependent expression was observed (unpublished data). No activity was detected up to 4 hr after immersion, but endogenous (3-galactosidase activity could be detected in uninjected M. occidentalis larvae when larvae were incubated in the X-Gal solution for over 5 hr.
DNA Extraction. DNA was extracted from individual adult mites by a Chelex method (0. R. Edwards and M.A.H., unpublished data). In brief, specimens were frozen in liquid N2 and ground to powder, 100 ,ud of a 5% Chelex solution was added, and the samples were mixed thoroughly with a vortex mixer. The samples were then heated to 560C for 15 mm followed by 4 min at 100TC. The samples were then centrifuged in a microcentrifuge for 2 min, and the DNA supernatant was removed for PCR analysis.
Oligonucleotide Primers for PCR. The oligonucleotide primers were produced at the DNA Synthesis Facility, University of California, Berkeley. A 30-bp oligomer (JKP2-1) identical to bp 126-155 of the Drosophila hsp7O heat-shock promoter was used in conjunction with two primers from the E. coli lacZ region of the construct. JKP2-2 (complementary to bp 426-475 of lacZ) in conjunction with JKP2-1 amplifies a 930-bp fragment. JKP2-21 (complementary to bp 267-294 of lacZ) in conjunction with JKP2-1 amplifies a 775-bp fragment internal to the above-mentioned product. The plasmid pJKP2 and associated oligonucleotide primers are illustrated in Fig. 
B and C.
A 10-dul aliquot of DNA extracted from 10 individual G6 adult females isolated from lines displaying lacZ expression in the G1 larvae was amplified for 32 cycles under standard reaction conditions (27) . The first cycle consisted of 4 min at 950C, 30 PCR was first performed in the presence of the hsp7O primer (JKP2-1) and the external lacZ primer (JKP2-2) (Fig.  3) . The reaction produced the predicted 930-bp product based (Fig. 3) were reamplified in the presence of primer JKP2-1 and the internal lacZ primer JKP2-21 and confirmed the identity of the sequence. on plasmid sequences in the positive control as well as in two of the G6 putatively transformed lines. The identity of this amplification product was confirmed by removing an aliquot of the reaction mixture and conducting a second PCR using the hsp7O primer and the internal lacZ primer (JKP2-21) (Fig.  4) . Again, the product was of the predicted size (775 bp) consistent with amplification of sequences derived from the introduced plasmid. Both products span the border between the Drosophila hsp7O and the E. coli lacZ genes. It is unlikely that products of the specific sizes predicted could be produced from endogenous DNA sequences. Further, no amplification was observed from DNA samples of uninjected M. occidentalis (Figs. 3 and 4) .
The inheritance of plasmid sequences in the G6 generation argues persuasively for stable transformation in at least two lines.
DISCUSSION
We have developed an approach to transformation of a beneficial arthropod by microinjecting eggs. This approach, which we term maternal microinjection, has the following advantages. The method is less laborious than microinjection of preblastoderm eggs. We can microinject female mites at a rate comparable to the rate reported for microinjection of D. melanogaster eggs (27) . Survival of injected M. occidentalis females is comparable to survival of microinjected Drosophila eggs (28) . The efficiency of maternal transformation in our tests is approximately 1/10th the efficiency of P-elementmediated transformation of Drosophila, but it is comparable to earlier techniques employed for Drosophila (29) . Microinjection of mosquito eggs has typically produced substantial mortality and limited transformation (30) . Survival of injected gravid female mites is an order of magnitude better than the results of mosquito egg microinjection (5) (6) (7) .
Preliminary efforts to microinject eggs of M. occidentalis after they were laid met with marginal success and produced substantial mortality. Adult females are easier to manipulate and line up on the double-stick tape than phytoseiid eggs. Phytoseiids mature a single large egg at a time and the egg (occupying approximately one-third of the mite body) is visible through the translucent cuticle. Thus, one can insert the needle and easily probe the egg; however, it is not always clear whether the needle penetrates the egg.
Another advantage to maternal microinjection is that the eggs are not subjected to dechorionation treatments. Dechorionation of Drosophila eggs is considered a critical step responsible for much of the mortality incurred during microinjection. Previous efforts to dechorionate M. occidentalis eggs met with limited success. Response to dechorionation was variable and might depend on the age of the egg (unpublished work). A final advantage of maternal microinjection is that the eggs are incubated inside the female until oviposition, which may increase the survival rate.
Because the efficiency of maternal microinjection is reasonably high, this procedure may provide an improved DNA delivery system for other species for which no vector system is available. Furthermore, with improved handling and isolation of putatively transformed lines the efficiency of maternal microinjection is likely to improve. In our study, the method was employed without the aid of any transposase and resulted in a 0.5% rate of transformation. The frequency of transformation may be increased in species in which a vector, such as the P element, is available. Further characterization of the transformed lines through Southern blot analysis is necessary to characterize the number and location of insertions, but requires a large number of mites to yield sufficient DNA for analysis. The transformed colonies are not yet sufficiently large to permit this analysis.
These experiments demonstrate the utility of the lacZ reporter gene for future genetic transformation of phytoseiids. The lacZ gene may prove useful in analyzing promoter sequences in mites and ticks, as it has in Drosophila (25) .
Finally, another significant result is the demonstration that the Drosophila hsp7O heat-shock promoter functions in this mite. The lacZ gene in this construct is regulated in a heat-shock-dependent manner and was expressed only marginally in the absence of heat shock (unpublished data). This promoter has been shown to be useful in regulating the neomycin phosphotransferase gene in other insects (5) (6) (7) . Few native regulatory sequences are known for arthropods and considerable effort may be saved if Drosophila promoters can be used to regulate genes introduced into diverse arthropod species.
Factors determining the general utility of maternal microinjection for other arthropod species will relate to their maternal morphology and egg maturation. Within the family Phytoseiidae, all of which share the basic physical characteristics and behavior of M. occidentalis, the method should be generally applicable. Because this family contains approximately 1000 species, a reliable transformation method will be valuable, even iflimited to this group alone. The potential use of maternal microinjection in transforming other arthropods will offer opportunities in both basic and applied research on pest and beneficial arthropod species. 
